Abstract Little is known about the pathophysiology of acute exacerbation (AE) of idiopathic pulmonary fibrosis (IPF). Heat shock protein 47 (HSP47), a collagen-specific molecular chaperone, is essential for biosynthesis and secretion of collagen molecules. Previous studies in experimental animal fibrosis models have shown that downregulation of HSP47 expression reduces collagen production and diminishes fibrosis progression. In this study, serum HSP47 levels were evaluated to elucidate pathogenic differences involving HSP47 between AE-IPF and stable (S)-IPF. -013-0411-5 and lactate dehydrogenase (LDH) were measured. Immunohistochemical analysis of lung HSP47 expression was determined in biopsy and autopsy tissues diagnosed as diffuse alveolar damage (DAD) and usual interstitial pneumonia (UIP). Serum levels of HSP47 were significantly higher in AE-IPF than in S-IPF patients, whereas serum levels of KL-6, SP-A, and SP-D did not differ significantly. Receiver operating characteristic curves revealed that HSP47 was superior for discriminating AE-IPF and S-IPF. The cutoff for HSP47 resulting in the highest diagnostic accuracy was 559.4 pg/mL; sensitivity, specificity, and diagnostic accuracy were 100.0 %, 93.9 %, and 96.2 %, respectively. Immunohistochemical analysis revealed that pulmonary HSP47 expression was greater in DAD than UIP tissues. Serum HSP47 was significantly higher in AE-IPF than in S-IPF patients, suggesting that underlying fibrogenic mechanisms involving HSP47 differ in the two conditions.
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Background
The natural history of idiopathic pulmonary fibrosis (IPF) is complex, and many patients have an unpredictable disease course with periods of relative stability punctuated by episodes of acute and often fatal decline (Hyzy et al. 2007; Collard et al. 2007; Song et al. 2010; Raghu et al. 2011 ). This acute worsening of the disease is sometimes attributed to identifiable conditions such as pneumonia or heart failure. However, many of these events occur without an identifiable cause, and therefore are termed acute exacerbations of (AE)-IPF. AE-IPF histologically manifests as acute or organizing diffuse alveolar damage (DAD) (Raghu et al. 2011) . During the exudative (acute) phase of DAD, there is interstitial edema, acute and chronic inflammation, type II cell hyperplasia, and hyaline membrane formation. Despite extensive research conducted in the past, little is known about the pathophysiology of AE-IPF.
Heat shock protein 47 (HSP47), a collagen-specific molecular chaperone, is essential for the biosynthesis and secretion of collagen molecules (Nagata 1996; Nagata et al. 1986 Nagata et al. , 1988 Ishida et al. 2006; Nagai et al. 2000; Sauk et al. 1994) . Previous studies of various experimental diseases affecting the lungs have shown that there is a close association between increased expression of HSP47 and excessive accumulation of collagen (Ishii et al. 2003; Kakugawa et al. 2004 Kakugawa et al. , 2010 . Other studies have demonstrated that HSP47 expression is highly tissue-and cell-specific, mainly restricted to phenotypically altered collagen producing cells and is well correlated with expression of collagen (Ishii et al. 2003; Iwashita et al. 2000; Kakugawa et al. 2004 Kakugawa et al. , 2005 Kakugawa et al. , 2010 Abe et al. 2000; Shioshita et al. 2000) . It was reported that HSP47 expression was higher in the lungs of patients with idiopathic usual interstitial pneumonia (UIP) than in those with collagen vascular disease-associated UIP and idiopathic nonspecific interstitial pneumonia (NSIP) (Kakugawa et al. 2005) ; idiopathic fibrotic NSIP patients with higher pulmonary HSP47 expression had poorer prognosis than patients with lower levels (Amenomori et al. 2010) . These findings suggest that HSP47 plays an important role in the fibrotic process and correlates with fibrotic disease activity.
Recent data have suggested that AE-IPF may be due to an acceleration of the underlying fibroproliferative disease process (Konishi et al. 2009; Collard et al. 2007) ; it is therefore assumed that HSP47 is also involved in its pathogenesis. Previous studies in several experimental animal fibrosis models have shown that downregulation of HSP47 expression reduces production of collagen and subsequently diminishes progression of fibrosis (Sunamoto et al. 1998; Nishino et al. 2003; Hagiwara et al. 2007a, b, c; Obata et al. 2012) . Therefore, HSP47 may be a novel therapeutic target for patients with AE-IPF. Accordingly, the interesting clinical question of whether HSP47 is upregulated in patients with AE-IPF warrants investigation.
The purpose of this study was to compare serum HSP47 concentrations in patients with AE-IPF and stable (S)-IPF, as well as to assess and compare pulmonary expression levels in biopsy and autopsy tissues diagnosed as DAD and UIP.
Materials and methods

Study population
Study subjects consisted of patients who were admitted to Nagasaki University Hospital from April 1996 to April 2012-20 with AE-IPF and 33 with S-IPF. Diagnoses were made according to the official ATS/ERS/JRS/ALAT statement (Raghu et al. 2011 ): 19 of 33 (57.6 %) S-IPF diagnoses were confirmed pathologically in multiple lobes by open lung biopsy or video-assisted thoracoscopic surgery. In addition, seven of the 33 S-IPF patients were identical to seven of the 20 with AE-IPF; these patients were first diagnosed with IPF, and later experienced an acute exacerbation. None of the IPF patients had any signs or positive serological, or other, markers of collagen vascular disease. S-IPF patients were defined as outpatients with IPF who were not experiencing a rapid decline in respiratory function (Collard et al. 2010) . Patients with AE-IPF met the following criteria: (1) unexplained worsening of dyspnea within 1 month; (2) evidence of hypoxemia, as defined by worsened or severely impaired gas exchange; (3) new radiographic alveolar infiltrates; and (4) absence of an alternative explanation such as infection, pulmonary embolism, pneumothorax, or heart failure (Raghu et al. 2011) . Serological and urinary studies were performed and were negative in all patients diagnosed with AE-IPF for the following pathogens and pathogen components: endotoxin, Mycoplasma pneumoniae, Chlamydophila pneumoniae, Chlamydophila psittaci, cytomegalovirus antigen, β-D glucan, Legionella spp., and Streptococcus pneumoniae. Blood, sputum, and urine cultures were also negative. An echocardiography demonstrated no evidence of heart failure in any of the patients. Sera were obtained at the time of diagnosis and stored at −80°C. Patient characteristics were collected from clinical notes recorded at the time of diagnosis and included age, sex, PaO 2 /fraction of inspired oxygen ratio (P/F ratio), and alveolar-arterial difference of oxygen (A-a DO 2 ). Serum concentrations of Krebs von den Lungen-6 (KL-6), surfactant protein (SP)-A, SP-D, and lactate dehydrogenase (LDH) were also collected from the clinical notes recorded at the time of diagnosis. For records lacking data for these markers, measurements were done using the preserved serum samples. The 30-and 90-day mortality rates were determined for all disease groups.
The study protocol was approved by the institutional review board of Nagasaki University Hospital and the ethics committee, Nagasaki University Graduate School of Biomedical Sciences. A written informed consent was obtained from all subjects.
Sandwich enzyme-linked immunosorbent assay for determining HSP47 concentration Sandwich enzyme-linked immunosorbent assay for determining HSP47 concentration was carried out as described previously (Yokota et al. 2000 (Yokota et al. , 2003 . Serum levels of HSP47 were measured in all enrolled patients.
Measurement of serum KL-6, SP-A, SP-D, and LDH levels
Serum levels of KL-6, SP-A, SP-D, and LDH were measured using specific kits according to the manufacturers' protocols. KL-6 concentrations were measured using a sandwich-type electrochemiluminescence immunoassay kit (Picolumi KL-6; Sanko Junyaku Co., Tokyo, Japan). SP-A and SP-D levels were measured using sandwich-type enzyme immunoassay kits (SP-A test-F: Kokusai Shiyaku Co., Hyogo, Japan; SP-D kit: Yamasa; Yamasa Shoyu Co., Tokyo, Japan). LDH levels were measured using an ultraviolet method with an L-type WAKO LDH kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan). All assays were performed in duplicate. Data regarding these markers were not obtained from all enrolled patients because some preserved serum samples were not large enough. Serum levels of SP-A were measured in 17 of 20, and of KL-6, SP-D, and LDH in all, patients with AE-IPF. Of the 33 S-IPF patients, the numbers in whom these markers were measured are as follows: KL-6, 29; SP-A, 29; SP-D, 28; and LDH, 29.
Immunohistochemistry
Immunohistochemistry was performed as described previously (Kakugawa et al. 2005 ).
Statistical analysis
The values of continuous variables were expressed as median (range). The differences among the groups were determined by the Kruskal-Wallis test for continuous variables and the chi-squared test for categorical variables, as appropriate. The upper left corner coordinate point of the receiver operating characteristic (ROC) curve was used to determine the optimum cutoff level for discriminating between AE-IPF and S-IPF. Changes in serum levels were analyzed by the Wilcoxon's signed rank test. A statistical analysis was performed using the statistical software package (SAS 9.1.3, SAS Institute, Cary, NC, USA). A P value <0.05 was considered statistically significant. Table 1 lists characteristics of enrolled patients. The P/F ratio of the AE-IPF group was significantly lower and the A-a DO 2 significantly higher, as compared with the S-IPF group.
Results
Patient characteristics
Disease outcomes
In the AE-IPF group, the 30-and 90-day mortality rates were 25.0 % (five of 20) and 65.0 % (13 of 20), respectively. Serum levels of HSP47, KL-6, SP-A, SP-D, and LDH Serological data are presented in Table 2 and Fig. 1 . Serum levels of HSP47 and LDH were significantly higher in the acute exacerbation, compared with the stable, IPF group (Fig. 1a, e) , whereas levels of KL-6, SP-A, and SP-D did not differ significantly (Fig. 1b, c, d ).
Changes in serum levels of HSP47, KL-6, SP-A, SP-D, and LDH Changes in levels of HSP47, KL-6, SP-A, SP-D, and LDH were compared in seven S-IPF patients who subsequently developed AE-IPF (Table 3 ; Fig. 2 ). Sera were obtained at the time of each diagnosis. Levels of HSP47, SP-A, and LDH were significantly higher on diagnosis of the acute exacerbation as compared with levels on diagnosis of S-IPF, but KL-6 and SP-D levels did not change significantly.
ROC curve
Based on an ROC curve (Fig. 3) , the cutoff concentration of HSP47 that resulted in the highest diagnostic accuracy was 559.4 pg/mL. This value discriminated between AE-IPF and S-IPF with 100.0 % sensitivity and 93.9 % specificity. The diagnostic accuracy was 96.2 %. Use of serum HSP47 levels for diagnosis of AE-IPF resulted in the largest area under the curve-0.989-compared to areas of 0.597, 0.591, 0.583, and 0.841 for use of serum levels of KL-6, SP-A, SP-D, and LDH, respectively.
Histopathological and immunohistochemical findings
Immunohistochemical analyses of tissue specimens revealed that HSP47 staining intensity and distribution were greater in DAD than in UIP; HSP47 and type I procollagen expression was diffuse in the former but heterogeneous in the latter. Photomicrographs of results in representative UIP surgical lung biopsy specimens and DAD autopsy specimens are shown in Fig. 4 : the groupings of a-c, d-f, and g-i depict sequential sections obtained from the same patient, who first underwent surgical lung biopsy (Fig. 4a-c , diagnosed as UIP), and later experienced acute exacerbation and death (Fig. 4d-i , autopsy specimens representing areas of DAD). At low magnification, the surgical biopsy specimens can be seen to have fibrotic zones with temporal heterogeneity as indicated by the presence of dense acellular fibrosis and active fibrotic areas with scattered fibroblastic foci; HSP47 and type I procollagen expression were seen in the active fibrotic areas, while expression was low in areas of dense fibrosis. The serum level of HSP47 was 487.4 pg/mL at the time of biopsy. This patient underwent AE-IPF 5 months after the biopsy was obtained; the serum HSP47 was found to be 4,190.7 pg/mL, and increased to 4,709.3 pg/mL 44 days later, 4 days before death occurred. Autopsy lung specimens revealed a combination of UIP and DAD patterns. Areas of DAD are depicted in Fig. 4g-i . At low magnification, diffuse involvement, including hyaline membranes, interstitial edema and inflammation, was seen. Expression of HSP47 and type I procollagen in DAD areas was diffuse and higher than in the previously biopsied lung specimens. Histopathological examination at high magnification revealed hyaline membranes, interstitial edema, fibrosis, and inflammation in DAD areas; expression of HSP47 was noted predominantly in fibroblasts, epithelial cells, and endothelial cells in DAD areas. Negative control studies using nonspecific immunoglobulin-G revealed no positive cells (data not shown).
Discussion
In the present study, HSP47 serum levels in patients with AE-IPF were found to be markedly higher than in patients with S-IPF. To the best of our knowledge, this is the first study to evaluate HSP47 serum levels of patients with AE-IPF.
Despite extensive research in the past, the precise molecular mechanisms leading to AE-IPF are poorly understood. Recent data have suggested that AE-IPF may be due to an acceleration of the underlying fibroproliferative disease process (Konishi et al. 2009; Collard et al. 2007 ). Finding higher pulmonary expression of HSP47, a collagen-specific molecular chaperone, in DAD than in UIP tissues in this study is consistent with that hypothesis. The current study demonstrated that serum HSP47 levels were markedly elevated in AE-IPF compared to S-IPF patients, indicating that the underlying pathogenic fibrotic molecular mechanisms regarding HSP47 may differ distinctly between these two conditions. The present study also demonstrated, using ROC curve analysis, that HSP47 was superior to KL-6, SP-A, SP-D, and LDH for discriminating between AE-IPF and S-IPF, suggesting that the expression of HSP47 may be an important pathobiological difference between the two conditions. It was assumed before starting this study that serum levels of KL-6 and SP-D in AE-IPF would be higher than those in S-IPF patients because previous reports have suggested that KL-6 and SP-D might be useful markers for interstitial pneumonias (Ohnishi et al. 2002; Takahashi et al. 2000) . However, Ishizaka et al. reported that at the onset of acute lung injury, plasma levels of KL-6 were similar to those of controls, perhaps because of its relatively large molecular size (Ishizaka et al. 2004 ). In addition, in the current study, serum levels of KL-6 and SP-D levels were elevated even in patients with S-IPF (when compared with normal ranges), consistent with previous reports (Ohnishi et al. 2002; Takahashi et al. 2000) . These facts may explain why serum levels of KL-6 and SP-D did not differ significantly between patients with AE-IPF and those with S-IPF in the current study. Since we previously demonstrated that HSP47 expression was higher in the lungs of patients with UIP than in those of controls, it was assumed that serum levels of HSP47 in S-IPF patients also would be higher than control levels. However, Yokota (one of the authors of the present manuscript) et al. previously reported that the serum levels of HSP47 did not differ significantly between patients with S-IPF and healthy controls (Yokota et al. 2003) , and, in fact, that finding was reproduced in the present study (data not shown). Although a precise mechanism for the elevation of serum HSP47 levels only in patients with AE-IPF and not in patients with S-IPF was not elucidated in this study, the following is hypothesized: (1) the present study demonstrated that HSP47 expression was higher in DAD than in UIP lung tissue. The amount of HSP47 in the lung might correlate with serum levels, although the current study was not adequately powered to demonstrate this (2) elevation of serum HSP47 in AE-IPF might be due to distinctive characteristics of DAD, including severe inflammation, tissue destruction, apoptosis and/or cell necrosis, and severe fibrosis within the alveolar walls. These changes may possibly induce leakage of HSP47 protein into the extracellular matrix. (3) The pathobiology of DAD includes alveolar epithelial and endothelial injury with increased vascular permeability (Ware and Matthay 2000) . Therefore, high expression of HSP47 in epithelial cells and endothelial cells and increased vascular permeability might lead to the elevation of serum HSP47 in AE-IPF. Abnormalities in type II alveolar epithelial cell function have been proposed as central to the pathogenesis of AE-IPF (Collard et al. 2010 ). synthesis at the disease site and may be used as a marker of the reparative process, independent of etiology (Horslev-Petersen 1990; Kirk et al. 1984) . Meduri et al. also reported that plasma levels of types I and III procollagen amino-terminal propeptide are elevated in early acute respiratory distress syndrome (ARDS) and that these levels could be a useful marker for ARDS (Meduri et al. 1998) . Therefore, because AE-IPF shares clinical and histopathological features with ARDS, serum HSP47 might prove to be a useful marker for AE-IPF. In this study, whether serum levels of HSP47 correlated with clinical course, namely survival and clinical data, was also investigated; no statistically significant correlation was found (data not shown). However, the present study was not designed to fully evaluate such a relationship and was therefore underpowered; the focus was on pathogenesis. The interesting clinical question of whether serum HSP47 is a useful marker to reflect disease severity, predict mortality, and monitor disease progression and response to treatment remains to be answered by future investigations.
There is no proven treatment for AE-IPF. Mechanical ventilation is often required but is not usually successful; in one previous study, the median survival was 2.2 months from onset of acute exacerbation, and a half died during hospitalisation . Among surviving patients, recurrence of acute exacerbation is common and usually results in death (Kim et al. 2006) . Previous studies in several experimental animal fibrosis models have shown that downregulation of HSP47 expression by antisense oligodeoxynucleotides or small interfering ribonucleic acid (siRNA) reduces collagen production and subsequently diminishes progression of fibrosis (Sunamoto et al. 1998; Nishino et al. 2003; Hagiwara et al. 2007a, b, c; Obata et al. 2012 ). In addition, in mice with bleomycin-induced pulmonary fibrosis, treatment with pirfenidone, an anti-fibrotic agent, inhibited fibrosis through inhibition of HSP47-positive cells (Kakugawa et al. 2004 ). There are other reports of studies in experimental animal models indicating that suppression of HSP47 expression with antisense HSP47 oligodeoxynucleotides or HSP47-siRNA not only reduces the accumulation of collagen to delay progression of fibrosis but also abrogates α-smooth muscle actin expression and reduces macrophage infiltration in blood vessels and monocyte chemotactic protein-1 expression (Nishino et al. 2003; Wang et al. 2002; Obata et al. 2012) . Considered together, these studies suggest that affecting downregulation of HSP47 could become a novel strategy for treating AE-IPF.
Recently, direct hemoperfusion with a polymyxin Bimmobilized fiber cartridge (PMX-DHP) has been reported to have a beneficial impact on the respiratory status and long-term outcome of patients with AE-IPF (Seo et al. 2006; Abe et al. 2010; Enomoto et al. 2008; Hara et al. 2011) . Oishi et al. reported that proinflammatory, profibrotic, and proangiogenic cytokines, including TGF-β were eluted from PMX fibers used for the treatment of AE-IPF and suggested that adsorption of such cytokines onto PMX fibers might be one of the mechanisms of action involved. Because TGF-β has been reported to induce the expression of HSP47 (Hisatomi et al. 2012; Nakayama et al. 2008 ), adsorption of cytokines by PMX-DHP could decrease expression of HSP47 and thereby attenuate the progression of inflammation and fibrosis in the DAD lung. The precise effects of PMX-DHP on HSP47 expression should be investigated in a future study.
The current study had several limitations.
(1) The number of patients enrolled was small. However, despite the small study population, a clear-cut difference between AE-IPF and S-IPF patients was demonstrated. To confirm these results, a prospective multicenter study of a larger patient cohort is planned. (2) Serum levels of HSP47 in patients with rapid deterioration of IPF with identifiable causes were not evaluated. Patients with IPF may suffer "rapid deterioration" secondary to infections, pulmonary embolism, pneumothorax, or heart failure or "acute exacerbation" without an identifiable cause Raghu et al. 2011) . It is often difficult for clinicians to distinguish these two conditions; the interesting clinical question of whether serum HSP47 could be useful for this purpose remains to be answered.
Conclusions
In conclusion, this study demonstrated that serum HSP47 levels were elevated in patients with AE-IPF. This finding suggests that underlying fibrogenic mechanisms that affect HSP47 levels differ between AE-IPF and S-IPF patients. Further studies involving larger patient cohorts are warranted to determine whether serum HSP47 is a useful disease marker for AE-IPF.
